Ternary compound Ti 3 SiC 2 was successfully synthesized by pulse discharge sintering (PDS) for Ti/Si/TiC powder mixtures with different molar ratios, where coarse Ti powder (À0:15 mm) was used. When the molar ratio of Ti:Si:TiC was selected to be 2:2:3, the content of Ti 3 SiC 2 reached 97.8% and density reached 99.0% after sintering at 1450 C for 20 min under 50 MPa load. The Ti-Si liquid reaction occurred above the Ti-Ti 5 Si 3 eutectic temperature at 1330 C is thought to assist the synthesis reaction of Ti 3 SiC 2 as well as densification.
Introduction
Titanium silicon carbide (Ti 3 SiC 2 ), as a representative of the so-called MAX phases with a general formula of M nþ1 AX n , where M is an early transition metal, A is an Agroup element (mostly IIIA and IVA) and X is either C and/ or N, and n ¼ 1{3, has attracted attentions from both the material scientist and physicist, due to its unusual combination of metallic and ceramic merits. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Its crystal structure is comprised of hexagonal nets of Si atoms separated by three nearly close-packed Ti layers that accommodate C atoms in the octahedral sites between them. 13) The early synthesis of Ti 3 SiC 2 was carried out by Jeitschko and Nowotny via chemical reaction in 1967. 14) Recently, hot-isostatic-pressing (HIP) 3, [15] [16] [17] [18] and pulse discharge sintering (PDS) [6] [7] [8] [9] [10] [11] [19] [20] [21] [22] were employed to synthesize bulk Ti 3 SiC 2 material. In our previous work, almost fully-dense single-phase Ti 3 SiC 2 was synthesized from Ti, Si, and TiC powders with the molar ratios of 2:2:3 using pulse discharge sintering (PDS) process in a short time. [6] [7] [8] In these work, fine Ti powder (À10 mm) was used for ensuring the reaction complete. However, fine Ti powder is expensive. To bring this fascinating ternary compound closer to application, the synthesis of Ti 3 SiC 2 from cheaper Ti powder is a practical attempt. In this study, we try to synthesize Ti 3 SiC 2 from coarse Ti powder (Tilop, À150 mm). Tilop (Titanium Low Oxygen Powder) is a kind of gas-atomized titanium powder having lower oxygen, and its price is only 1/10 of fine Ti powder (crushed powder, À10 mm). But the spherical surface of Tilop provided less reaction area. At the same time, the coarse powder provided larger diffusion distance for the reaction. Therefore, the main purpose of the present work is to study the possibility of synthesizing Ti 3 SiC 2 with starting powder mixture containing coarse Tilop powder by PDS process, as well as to understand the mechanism of the ternary phase synthesis and reactions during the process.
Experimental Procedures
Starting powders of coarse Ti (Tilop, À150 mm, 99.9%), Si (À10 mm, 99.9%), and TiC (2-5 mm, 99%), were used in this study. Two molar ratios, the stoichiometric one (Ti:Si: TiC = 1:1:2, named M112) and the other one with Ti:Si: TiC = 2:2:3 (named as M223), slightly off-stoichiometric, were selected for this study. These powders were mixed in a Turbula shaker mixer in Ar atmosphere for 24 hours. The powder mixture was filled in a graphite mold (20 mm in diameter) and sintered in vacuum by using PDS technique (PAS-V, Sodick Co. Ltd.). The sintering temperature was monitored and controlled through an infrared camera. The heating rate was controlled at 50 C/min, and the sintering temperature was selected in the range of 900-1500 C and held for 0 to 60 min. The powder compact was kept under a constant axial pressure of 50 MPa during sintering. After sintering, the samples were ground to remove the surface layer for 1 mm in order to eliminate the reaction layer with graphite. Then the samples were analyzed to identify the phase constitution by X-ray diffractometry (XRD) with CuK radiation at 30 kV and 40 mA. The microstructure of the synthesized samples were observed and analyzed by using scanning electron microscopy (SEM) equipped with an energy-dispersive spectroscopy (EDS) system. Figure 1 shows the XRD patterns of M112 samples synthesized in the temperature range of 1350-1500 C for 20 min. It can be seen that the main peaks in all the samples correspond to Ti 3 SiC 2 phase. The second phase is TiC with relatively lower intensity. The Ti 5 Si 3 phase can also be seen at 2 ¼ 36:77 and 37.60 in the sample sintered at 1350 C for 20 min, although the intensity is very low. The relative intensity of TiC is the lowest in the sample sintered at 1400 C for 20 min. With further increasing the sintering temperature, the relative intensity of TiC increased again. Figure 2 shows the XRD results of M223 samples sintered in the temperature range of 1300-1500 C for 20 min. The variation of TiC content (peak intensity) with sintering temperature is similar with that of M112. The relative intensity of TiC reached the lowest value in the sample sintered at 1450 C for 20 min, and increased again with increasing the sintering temperature.
Results and Discussion
The contents of Ti 3 SiC 2 and TiC in the synthesized samples can be estimated according to our previous calibration, assuming a (Ti 3 SiC 2 +TiC) two-phase composition. 8) The mass percentage of TiC is expressed as follows:
where I TiC and I TSC represent the integrated diffraction peak intensities of TiC (200) and Ti 3 SiC 2 (104), respectively. Figure 3 shows the variation of TiC contents in M112 and M223 samples with the sintering temperature. It can be seen that the TiC content shows a rapid decrease from 1300 C to 1350 C for the M223 sample sintered for 20 min, and reached the minimum value of about 2.2% at sintering temperature of 1450 C. The results of M223 sintered for longer time of 60 min is also shown in the figure, where the content of TiC was found to be fairly stable at about 2-3%, independent of the sintering temperature. For the M112 samples, the lowest content of TiC is about 4.2% at the sintering temperature of 1400 C. A comparison between the results of M112 and M223 indicates that the TiC content of M223 is always lower than that of M112 at the same sintering condition. The molar ration of 2:2:3 is more favorable for synthesizing Ti 3 SiC 2 , and this is consistent with our previous work. 8) Variation in relative density of the M112 and M223 samples with the sintering temperature and time are shown in Fig. 4 . The relative density was calculated by dividing the measured density with the theoretical density of each sample by taking account of the theoretical density of TiC (4.90 g/cm 3 ), Ti 3 SiC 2 (4.52 g/cm 3 ), and the volume fraction (Fig. 3 ) of the two constituent phases. The relative density of samples is increasing with the sintering temperature and time. When the sintering temperature is higher than 1350 C, the relative densities of all samples were higher than 98%. Figure 5 shows the SEM micrograph of a fracture surface of M223 sample sintered at 1450 C for 20 min, which is a typical microstructure sintered in this condition. It consists of plate-like grains with about 5-10 mm in width and 20-50 mm in length.
In order to understand the reaction route, the powder mixtures were sintered at various temperatures and the sintering process was immediately terminated when reached the programmed temperature. The XRD results (not shown in this paper) indicated that the reported in our previous work, 22) where fine Ti powder (À10 mm) was used. The Ti 5 Si 3 phase first appeared at lower sintering temperature and the TiSi 2 is formed as a byproduct when the sintering temperature was further elevated. But in this study, the peaks of TiSi 2 in XRD were observed prior to the appearance of Ti 5 Si 3 . This could be attributed to the employment of coarse Ti powder in the starting material. Coarse Ti particles has smaller specific surface area than fine Ti powder, so that the contact zone with Si surface is smaller, and therefore the Ti:Si ratio at the Ti/Si interface, which will in turn be the reaction zone, is smaller resulting in the Si-rich area. This enriched Si at the contact area provided the preferential chemistry for the formation of TiSi 2 phase at lower temperatures. Corresponding to the appearance and disappearance of intermediate phases, the reaction equation of Ti 3 SiC 2 is summarized as follows: Figure 6 shows the temperature, axial pressure and shrinkage displacement as a function of sintering time. On the shrinkage curve an abrupt drop in the displacement marked by an arrow exist. The corresponding temperature ranges from 1260 C to 1340 C. Similar phenomena of such abrupt shrinkage have been found in our recent study where crushed coarse Ti powder (À150 mm) was used through PDS sintering of Ti/Si/TiC mixed powders. It was found to be due to the liquid reaction above the eutectic temperature (1330 C). The abrupt shrinkage as seen in Fig. 6 seems to be due to the liquid reaction as well. This Ti-Si liquid phase should fill immediately the gaps in the powder under the applied pressure and assist the reaction and densification through the immersion of the un-reacted powder particles into the liquid phase. The effect of liquid reaction can be understood by comparing the results of two M223 samples sintered at 1300 and 1350 C for 20 min, as shown in Fig. 3 and Fig. 4 , respectively. Whereas the TiC content in the sample sintered at 1300 C for 20 min was 24.4%. It decreased to 10.1% when the sintering temperature was increased to 1350 C. The relative density was improved from 92.1% to 97.8% by increasing the sintering temperature to 1350 C. These increases both in Ti 3 SiC 2 content and density are attributed to the liquid reaction occurred in this narrow temperature range of 50 C.
Conclusions
Ternary compound Ti 3 SiC 2 was successfully synthesized by pulse discharge sintering of the powder mixture of Ti/Si/ TiC with different molar ratios at 1350-1500 C for 20 min, where spherical coarse particles (Tilop, À150 mm) of Ti were used. When the molar ratio of the starting powder mixture was selected to be Ti:Si:TiC = 2:2:3, the Ti 3 SiC 2 content reached 97.8% and the density 99.0% when sintered at 1450 C. The Ti-Si liquid reaction above the Ti-Ti 5 Si 3 eutectic temperature at 1330 C is considered to accelerate the formation reaction of Ti 3 SiC 2 and the densification. 
